The Bacillus cereus type strain ATCC 14579 harbours pBClin15, a linear plasmid with similar genome organization to tectiviruses. Since phage morphogenesis is not known to occur it has been suggested that pBClin15 may be a defect relic of a tectiviral prophage without relevance for the bacterial physiology. However, in this paper, we demonstrate that a pBClin15-cured strain is more tolerant to antibiotics interfering with DNA integrity than the WT strain. Growth in the presence of crystal violet or the quinolones nalidixic acid, norfloxacin or ciprofloxacin resulted in aggregation and lysis of the WT strain, whereas the pBClin15-cured strain was unaffected. Microarray analysis comparing the gene expression in the WT and pBClin15-cured strains showed that pBClin15 gene expression was strongly upregulated in response to norfloxacin stress, and coincided with lysis and aggregation of the WT strain. The aggregating bacteria experienced a significant survival benefit compared with the planktonic counterparts in the presence of norfloxacin. There was no difference between the WT and pBClin15-cured strains during growth in the absence of norfloxacin, the pBClin15 genes were moderately expressed, and no effect was observed on chromosomal gene expression. These data demonstrate for the first time that although pBClin15 may be a remnant of a temperate phage, it negatively affects the DNA stress tolerance of B. cereus ATCC 14579. Furthermore, our results warrant a recommendation to always verify the presence of pBClin15 following genetic manipulation of B. cereus ATCC 14579.
INTRODUCTION
The Bacillus cereus group of bacteria consists of six phylogenetically closely related species (B. anthracis, B. cereus, B. mycoides, B. pseudomycoides B. thuringiensis and B. weihenstephanensis) that inhabit different niches and include non-pathogenic as well as pathogenic bacteria with different host ranges. The genetic composition of the B. cereus group members is complex. Most species have relatively large genomes exceeding 5 Mbp, comprising unique interspersed sequence repeats, plasmids of various numbers and sizes as well as temperate phages. The extrachromosomal genetic material is often crucial to the physiology of the different B. cereus group members as many of the distinguishing traits (e.g. virulence factors) are located on plasmids. The genome of the B. cereus reference strain ATCC 14579 includes pBClin15; a 15 274 bp cryptic linear plasmid (Carlson et al., 1996; Ivanova et al., 2003) . The genetic structure of pBClin15 is reminiscent of bacteriophages belonging to the family Tectiviridae (Sozhamannan et al., 2008; Strömsten et al., 2003; Verheust et al., 2005) . The Tectiviridae family includes several members that were isolated from the B. cereus group. AP50 is a phage that specifically infects certainGIL16c were isolated from strains of B. thuringiensis (Ackermann et al., 1978; Strömsten et al., 2003; Verheust et al., 2003 Verheust et al., , 2005 . These B. cereus group-specific phages undergo a lysogenic stage in which the prophages exist as 15 kb autonomously replicating linear plasmids (from here on referred to as pBClin15-like plasmids). Similarity of these linear plasmids and the genome of the reference tectivirus PRD1, which infects specific Gram-negative bacteria (Olsen et al., 1974) , suggested that the left region encodes proteins involved in phage genome replication and regulation, the middle part encodes virion structural and DNA packaging proteins, whereas the right end contains the genes responsible for host recognition and lysis (Sozhamannan et al., 2008) .
Although the pBClin15-like plasmids display a prophage behaviour and can be induced to transition into a lytic stage, phage morphogenesis has never been reported for pBClin15, suggesting that it may be an evolutionary remnant of a temperate phage. It is, however, possible that expression of individual pBClin15-encoded proteins could influence the physiology of B. cereus ATCC 14579 under specific conditions. So far only three proteins encoded on pBClin15 as well as the pBClin15-like plasmids have been examined experimentally. Zymogram analysis showed that ORF25 and ORF30 of GIL01, corresponding to ORF23 and ORF28 on pBClin15, encode peptidoglycan hydrolases (Verheust et al., 2004) . In addition, the conserved protein encoded by ORF2 of pBClin15 has been shown to bind DNA at non-specific target sequences (Stabell et al., 2009) ; however, the effect of DNA binding is unknown. The functions of at least seven more ORFs can be predicted from sequence similarity to previously characterized proteins. These proteins are conserved in all pBClin15-like plasmids. Using the numbering from pBClin15: ORF1 encodes a MerR-type transcriptional regulator; ORF4 is predicted to be a terminal protein, capping the ends of the linear plasmid with a function in priming of DNA replication. ORF5 codes for a DNA polymerase, whereas ORF6 encodes a LexA-like transcriptional repressor. ORF15 has been predicted to be a capsid protein, whilst ORF9 and ORF12 may be involved in capsid assembly and DNA packaging, respectively (Fornelos et al., 2011; Strömsten et al., 2003; Verheust et al., 2003 Verheust et al., , 2005 .
In this study, a pBClin15-mediated phenotype in B. cereus ATCC 14579 was demonstrated for the first time. We showed that norfloxacin-induced DNA damage results in cell lysis of a subpopulation of the WT, leakage of DNA into the growth medium and DNA-mediated aggregation.
METHODS
Bacterial strains and growth conditions. The bacterial strain used in this study was the type strain, B. cereus (ATCC 14579). Bacteria were grown in LB medium at 30 uC, 220 r.p.m., unless otherwise stated. Bacteria were always inoculated from single colonies on LB plates into LB medium, incubated at 30 uC for 16 h, diluted 1 : 100 in fresh LB medium and grown until mid-exponential phase (OD 600 0.5-1) at 30 uC. These pre-cultures of exponentially growing bacteria were used to start the relevant experiments.
Curing of pBClin15 from B. cereus ATCC 14579. B. cereus ATCC 14579 (AH1448) was grown in liquid culture at 42 uC. The culture was propagated by regular dilution 1 : 100 in fresh LB medium every 8 h. After 32 h bacteria were plated on LB agar plates. Following overnight incubation at 42 uC single colonies were screened for the presence of pBClin15 by PCR amplification of ORF1 and ORF3 using the primer pairs Orf1-forward (TGAAATGCTATCAGTAAGTGAA-GGA), Orf1-reverse (TTGTCATTTTCATTTCCTCCAGT) and Orf3-forward (AAAGGATGTTGTGACGGTGA), Orf3-reverse (TCCATA-TACCCAGGCATTTCA), respectively. DNA prepared from the WT strain was used as positive control. Colonies failing to yield a PCR product were restreaked on LB agar plates and retested for the presence of pBClin15 as described above. The resulting pBClin15-negative derivative of AH1448 was named AH1709.
Susceptibility assay: Plate assay. The exponentially growing bacteria were diluted to OD 600 0.02 and divided into 96-well plates (100 ml well 21 ). Antibiotics were added to the wells in series of twofold dilutions. The plates were incubated at 30 uC, 220 r.p.m., for 20 h. Bacterial growth was inspected visually as well as recorded spectrophotometrically at 590 nm using an HT7000 plate reader (Perkin-Elmer). The MIC was defined as the lowest concentration of toxic compounds giving rise to an OD 590 lower than double the initial OD 590 after 20 h of growth.
Susceptibility assay: Liquid culture. The pre-cultures were diluted to OD 600 0.02 in 30 ml of LB medium in 100 ml Erlenmeyer flasks. Antibiotics were added to give the following concentrations: 0.75 mg ml 21 nalidixic acid, 0.5 mg ml 21 norfloxacin, 0.125 mg ml 21 ciprofloxacin or 0.075 mg ml 21 crystal violet. Bacterial growth was monitored spectrophotometrically at 600 nm.
Dependence of extracellular DNA for aggregation. Pre-cultures were diluted to OD 600 0.02 in LB medium supplemented with norfloxacin (0.5 mg ml 21 ). The dependence of extracellular DNA for aggregation of bacteria was tested by adding DNase I (Invitrogen) or Turbo DNase (Invitrogen) to cultures of the WT (AH1448) and pBClin15-cured strain (AH1709) from the start of the experiment at a concentration of 1 U ml 21 . In a separate experiment, ultrapure salmon sperm DNA (Invitrogen) or purified DNA from Streptomyces coelicolor was added to cultures of the pBClin15-cured strain AH1709 from the start of the experiment at concentrations of 10 and 100 ng ml 21 . The cultures were incubated at 30 uC, 220 r.p.m. Growth was monitored spectrophotometrically at 600 nm as well as by visual observation.
Effect of aggregation on norfloxacin susceptibility. The WT preculture was used to start two new cultures. The cultures both contained LB medium and norfloxacin (0.5 mg ml 21 ). DNase (1 U ml 21 ) was added to one culture, whereas the equivalent volume of sterile MilliQ water was added to the other culture. The starting OD of the cultures was 0.02. The cultures were incubated at 30 uC for 3.5 h. To avoid unequal sampling from the homogeneous planktonic culture and the heterogeneous aggregating culture, the entire cultures were pelleted by centrifugation and resuspended in DNase I reaction buffer (Invitrogen). DNase I (Invitrogen) was added at a concentration of 1 U ml 21 and the bacteria were incubated in the presence of DNase I for 15 min at 37 uC to break up the aggregates in the aggregating culture. Dilutions (10-fold) of the bacterial suspensions were plated on LB agar plates. The c.f.u. count was determined after 16h incubation at 30 uC.
Detection of DNA and proteins in the growth medium. The growth medium after 4 h of incubation in LB medium supplemented with norfloxacin (0.5 mg ml 21 ) was centrifuged to remove bacteria and filtered through a 0.22 mm filter. DNA was precipitated by adding 1/10 volume of 3 M sodium acetate (pH 5.2) and an equal volume of 2-propanol to the filtered medium followed by incubation at 220 uC for 1 h and centrifugation at 13 000 g for 30 min. The DNA pellet was washed once with 70 % ethanol, centrifuged for 20 min at 13 000 g, air-dried and resuspended in MilliQ water. The DNA was analysed on a 1 % agarose gel containing ethidium bromide (0.5 mg ml 21 ) and visualized under UV light.
Protein was precipitated by adding TCA to a final concentration of 5 % followed by centrifugation at 13 000 g for 15 min. The pellet was dissolved in 0.1 M NaOH and mixed with SDS-sample buffer. The proteins were separated on a 4-20 % SDS-PAGE gel (Pierce) and visualized by silver staining.
RNA isolation. Bacterial cells were harvested by diluting the cultures with an equal volume of ice-cold methanol followed by centrifugation at 4000 g for 5 min at 4 uC. Cells were disrupted using a Precellys 24 tissue homogenizer. RNA isolation was performed using the RNeasy Mini Kit (Qiagen) according to the manufacturer's protocol, including the optional on-column DNase treatment. After elution, the RNA was treated with Turbo DNase (Applied Biosystems) according to the manufacturer's manual followed by a second round of purification using the RNeasy Mini Kit. The concentration of RNA was determined by UV spectrophotometry and the quality was controlled by agarose gel electrophoresis.
Microarray analysis. The microarray slides, containing 70-mer oligonucleotides representing all the genomic ORFs of B. cereus (ATCC 14579), were printed at the Microarray Core Facility of the Norwegian University of Science and Technology, Trondheim. The microarray experiments were conducted as described previously (Gohar et al., 2008) . Briefly, the microarray slides were pre-incubated at 42 uC for 45 min in pre-hybridization buffer (56 SSC, 0.1 % SDS, 0.1 % BSA); washed in MilliQ water followed by 2-propanol and finally spun dry. Complementary-strand DNA synthesis, labelling and purification were carried out with the FairPlay III microarray labelling kit (Stratagene), using 500 ng random hexamers (Applied Biosystems), 20 mg of RNA, and Cy3 or Cy5 dye (GE Healthcare BioSciences). After purification, the samples were concentrated with a Microcon column (Millipore). Labelled DNA was mixed with hybridization solution (30 % formamide, 56 SSC, 0.1 % SDS, 0.1 mg ml 21 salmon sperm DNA) denatured at 95 uC for 2 min, and incubated at 42 uC before hybridization. Hybridization was carried out overnight at 42 uC in a hybridization chamber (Monterey Industries) humidified with 56 SSC. After hybridization, the slides were washed at 42 uC in a buffer containing 0.56 SSC and 0.01 % SDS followed by 0.066 SSC, and finally in 2-propanol before they were spun dry. The slides were scanned with an Axon 4000B scanner using GENEPIX PRO 6.0 software (Molecular Devices). Microarray data were analysed with a custom R-script in R 2.15.2 (Gentleman et al., 2004) . The GENEPIX files were imported to R, and the LIMMA package (Smyth, 2005) was used for filtering, normalization and further analysis. Microarray experiments were conducted with two dyeswapped independent experiments. The microarray data were submitted to ArrayExpress (accession no. E-MEXP-3894).
It should be noted that the number of ORFs predicted for pBClin15 differs between the GenBank annotation, 21 ORFs (Ivanova et al., 2003) , and the genetic structure predicted from sequence alignment to the genomes of tectiviruses, 28 ORFs (Strömsten et al., 2003) . The ORFs with characterized or predicted functions closely overlap between the two annotations. The microarray slides used in this study were designed from the GenBank annotation (Ivanova et al., 2003) , but in order to conform to previous publications on tectiviruses of Gram-positive bacteria we adjusted the ORF numbering according to Strömsten et al. (2003) with the adjustments of Verheust et al. (2005) (Table S1 , available in Microbiology Online).
Microscopy. Micrographs of live bacteria were taken at 640 magnification with either a Nikon LABOPHOT-2 microscope with a Leica DFC320 camera or a Nikon Eclipse TE300 inverted microscope. Image manipulation was done using LEICA APPLICATION SUITE 3.6.0 and NIS-ELEMENTS BR2.00, SP6, respectively.
Analysis for the presence of pBClin15 during construction of markerless knockout mutants. The method of Janes & Stibitz (2006) was used to construct markerless knockout mutants. The presence of pBClin15 was tested by PCRs designed to amplify the ORF1 and ORF3 segments as described previously. Amplification of chromosomal genes was used as positive control for the presence of DNA and amplification of pBKJ236-or pBKJ223-specific sequence was used to control for the presence of these plasmids when relevant. We hypothesized that pBClin15 could be lost either by: (1) DNA or cell damage due to the electroporation, (2) an incompatibility effect due to the introduction of new genetic material (pBKJ236 and pBKJ223) into the cell, or (3) introduction of double-strand breaks in the chromosome by expression of I-SceI and subsequent SOS repair.
Reinfection of the pBClin15-cured strain. The WT and pBClin15-cured strains were grown in LB medium supplemented with norfloxacin (0.5 mg ml 21 ) at 30 uC for 4-6 h. Bacteria were pelleted by centrifugation at 4000 g for 5 min. The supernatant was filtered through a 0.22 mm filter and used directly for further experimentation. Exponentially growing bacteria of the WT as well as the pBClin15-cured strain were mixed with serial dilutions (1 : 1, 1 : 10 and 1 : 100) of the filtered growth medium, and incubated for 30 min at room temperature or 30 uC. The bacteria/filtered medium was mixed with molten top agar [with or without norfloxacin (0.5 mg ml
21
)] and poured onto LB agar plates [with or without norfloxacin (0.5 mg ml 21 )]. Alternatively, exponentially growing bacteria were mixed with molten top agar [with or without norfloxacin (0.5 mg ml
)] and poured on agar plates. Serial dilutions (1 : 1-1 : 10 000) of the filtered growth medium were spotted on the bacteria/top agar. The plates were incubated overnight and checked for the appearance of plaques.
RESULTS
Loss of pBClin15 from the genome of B. cereus ATCC 14579 was associated with increased tolerance to some antibiotics Following construction of markerless deletion mutants in multidrug transporter genes using the method of Janes & Stibitz (2006) and subsequent susceptibility testing against toxic compounds, we noticed that a number of the deletion mutants were more tolerant to some toxic compounds compared with the WT strain (data not shown). Multidrug transporters are integral membrane proteins that actively export compounds of different structures from cells. In contrast to our observations in this study, deletions of these genes generally cause increased susceptibility to some toxic compounds. Genetic and transcriptional analysis of the mutants revealed that in addition to the intended gene deletion, the mutants had been unintentionally cured of the linear plasmid pBClin15 (data not shown).
Consequently, we hypothesized that loss of pBClin15 caused the mutants to be more tolerant to some toxic compounds compared with the WT.
Attempts were made to identify the relevant step that caused the loss of pBClin15 during the process of making markerless knockout mutants. By systematically testing colonies after each step of the protocol we demonstrated pBClin15-deficient bacteria in one step: following introduction of the I-SceI encoding plasmid pBKJ223, two of 48 tested colonies had lost pBClin15.
Antibiotics affecting DNA integrity induced pBClin15-mediated aggregation of B. cereus
To confirm that the modest increase in antibiotic tolerance was due to loss of pBClin15, a plasmid-cured variant of B. cereus ATCC 14579 was made. The two strains were compared under stress with toxic compounds (Table 1) . The plasmid-cured strain was more tolerant to crystal violet as well as to the quinolones nalidixic acid, norfloxacin and ciprofloxacin compared with the WT. The relatively small differences in MICs between the WT and the plasmid-cured strains (Table 1) prompted additional experiments to confirm the susceptibility assays. Although the plasmid-cured strain and the WT grew similarly in shaking cultures in LB medium (data not shown), growth differed significantly in the presence of the quinolones as well as crystal violet (Fig. 1a-d) , verifying the susceptibility assays. The two strains grew similarly in the presence of antibiotics until OD 600~0 .2-0.3. At this stage, the OD 600 of the WT started to decline, whereas the OD 600 of the plasmid-cured strain continued to increase. Inspection of the cultures revealed that the declining OD 600 of the WT coincided with cell aggregation, shown for crystal violet and norfloxacin in Fig. 2 . Washing and overnight incubation of aggregates in LB medium without antibiotics resulted in turbid cultures, which showed that the aggregative phenotype was reversible and that at least a subpopulation of bacteria within the aggregates was viable and cultivable (data not shown).
Norfloxacin-induced cell lysis and extracellular DNA-dependent aggregation of B. cereus ATCC 14579
Cell aggregation is a hallmark of biofilm formation. In B. cereus, biofilm formation requires extracellular DNA (Vilain et al., 2009) . To analyse the necessity of extracellular DNA for the aggregative phenotype, DNase was added to growing cultures of the WT and pBClin15-cured strains in LB medium supplemented with norfloxacin. The culture of the WT strain grown in the presence of DNase displayed a similar decline in OD 600 to the non-DNasetreated WT culture (Fig. 3a) . However, in contrast to the non-treated culture, the DNase-treated WT culture did not aggregate (Fig. 3b, c) . Microscopic examination confirmed the aggregative phenotype of the norfloxacin-stressed WT as well as the planktonic growth of the WT in the presence of DNase (data not shown). No difference was observed between the cultures of the pBClin15-cured strain grown in the presence and absence of DNase (Fig. 3a and data not shown), indicating that the DNase treatment did not affect directly the viability of the bacteria.
To test if the aggregative phenotype was beneficial, WT bacteria grown in the presence and absence of DNase were spun down, DNase treated and plated on LB agar plates. The c.f.u. were counted after overnight incubation. The aggregating bacteria displayed a significant survival advantage compared with the planktonic counterparts since the non-aggregating WT grown in the presence of To confirm the involvement of DNA in the aggregative phenotype, pure DNA was added to cultures of the pBClin15-cured strain grown in LB medium supplemented with norfloxacin at 10 or 100 ng DNA ml 21 culture. Although small aggregates were formed in the culture of the pBClin15-cured strain grown in the presence of norfloxacin and DNA (data not shown), the OD 600 was not affected (Fig. 3a) , indicating that the declining OD 600 seen in the aggregating WT culture in the presence of norfloxacin (Figs 1a and 3a) likely involved cell lysis in addition to aggregation.
In order to confirm lysis of the cells as well as the presence of extracellular DNA in the growth medium of the WT culture grown in the presence of norfloxacin, DNA was precipitated from the cultures of both the WT and pBClin15-deficient strains and analysed on an agarose gel. DNA was detected in the culture medium of the WT, but was barely visible in the culture medium of the pBClin15-deficient strain (Fig. 4a) . DNA released from cells due to lysis would be accompanied by an increased amount of extracellular protein. To test this, protein was precipitated from the growth medium of the WT and pBClin15 mutant, separated by SDS-PAGE, and visualized by silver staining. More protein was detected in the culture medium of the WT compared with the pBClin15 mutant (Fig. 4b) . These results indicate that a subpopulation of the WT cells lyses in response to norfloxacin stress and that the DNA that is released upon lysis mediates aggregation of the remaining viable population.
If lysis was the result of phage morphogenesis, it should be possible to isolate phage particles from cultures of the WT following norfloxacin stress. However, despite several attempts it was not possible to reinfect the pBClin15-cured strain with filtered supernatants from the WT (data not shown), which is in agreement with previous reports (Verheust et al., 2005) . This led us to conclude that lysis and subsequent aggregation may not result from phage induction and release of functional virions, but rather from a pBClin15-mediated cellular response to DNA stress.
Microarray analyses demonstrated that interference with DNA integrity triggers expression of pBClin15-encoded proteins
To elucidate the impact of pBClin15 on B. cereus gene expression, microarray analyses were conducted. RNA was isolated from the WT and plasmid-cured strains after 60, 75 and 150 min of growth in the presence of norfloxacin, which correspond to time points before and after onset of aggregation of the WT (Fig. 1a) . In addition, RNA was isolated from both strains in exponential phase of growth in LB medium without norfloxacin. The relative gene expression of the WT and pBClin15 deficient strains was assessed for each time point (Tables S2-S5 ). The most highly differentially expressed chromosomal genes as well as chromosomal genes that were expressed differentially at more than one time point during norfloxacin stress are summarized in Table 2 . The majority of the highly differentially regulated chromosomal genes appeared after 150 min of growth in the presence of norfloxacin. The most highly differentially regulated chromosomal gene was BC1436, which is annotated as phage shock protein A (pspA), the assumed effector of the phage shock response (Darwin, 2005) . Expression of the phage shock response has been shown to occur under a large number of stress conditions and is believed to be induced in response to disturbances in the proton motive force (Darwin, 2005) . Interestingly, induction of the phage shock response has been demonstrated during infection with filamentous phages as well as during biofilm formation in Escherichia coli (Beloin et al., 2004; Brissette et al., 1990) . . Detection of extracellular biopolymers. Bacteria were grown in LB medium supplemented with norfloxacin (0.5 mg ml "1 ) for 4 h. Bacteria were spun down and the culture medium was filtered through a 22 mm filter. Extrachromosomal DNA was isopropanol precipitated from filtered culture medium and analysed on a 1 % agarose gel including 0.5 mg ethidium bromide ml "1 (a). Proteins were TCA precipitated, separated on a 4-20 % SDS-PAGE gel and visualized by silver staining (b). Two independent samples per strain are shown. WT strain carrying pBClin15, +; pBClin15-cured strain, -. MW, molecular mass.
The mean expression levels of the pBClin15-encoded genes are shown in Table 3 . The level of pBClin15 gene expression increased with time in the presence of norfloxacin and the highest expression coincided with the development of the aggregative phenotype (Table 3) .
Regulatory organization of the prophage GIL01 is conserved in pBClin15
Regulation of lysogeny in the temperate B. thuringiensis phage GIL01 has been shown to require the host LexA transcriptional regulator as well as phage-specific factors (Fornelos et al., 2011) . The transcriptional organization of GIL01 included two functional modules: a regulatory unit consisting of ORF1-8 that was controlled by the identified P1 and P2 promoters localized upstream of ORF1, and a module composed of structural and lytic genes ORF9-30 controlled by a third promoter P3. In addition to this, three dinBoxes, conserved LexA-binding sites, were identified in the vicinity of the promoters. Sequence alignment between pBClin15 and GIL01 (Fig. 5a) showed that the promoters P1 and P3 were conserved, whereas the sequence of the P2 promoter diverged slightly between GIL01 and pBClin15. In addition, all three dinBoxes were conserved. P1, P2 and dinBox1 were localized upstream of ORF1 in pBClin15, whereas P3 as well as dinBox2 and 3 were localized in the predicted ORF8, suggesting that the genes of pBClin15 may be transcribed in two modules: a left module consisting of ORF1-8 and a right module consisting of ORF9-28. To test this hypothesis, the ratio between the mean expression level of the pBClin15 genes after 150 and 60 min of growth in the presence of norfloxacin (Table 3 ) was calculated and plotted (Fig. 5b) . The mean ratio for ORF1-6 was 1.85±0.43 and for ORF9-28 was 4.43±0.56. This supports the hypothesis of two modules under distinct transcriptional regulation. However, there may be additional complexity to the transcriptional regulation of the pBClin15 genes as two separate transcripts have been observed for the left region of pBClin15 during growth in LB medium without supplements. The two transcripts incorporated ORF1 and 2 and ORF1-3 respectively, indicating conditional transcriptional termination sites (Stabell et al., 2009) . Similar events could explain the variation in timing and level of transcription of Table 2 . Relative expression of genes in the WT compared with the pBClin15 mutant (fold difference)
Genes are shown that are either differentially expressed .4-fold between the WT and pBClin15 mutant or d differentially expressed .1.5-fold under more than one condition. The values are fold changes, which means that equal expression51.0, 2-fold higher expression in the WT52.0 and 2-fold lower expression in the WT50.5. NA, not applicable. different genes within the two modules as implied by the microarray analyses in this study (Table 3 , Fig. 5b ).
DISCUSSION
Functional tectiviral phages infecting B. thuringiensis as well as B. anthracis have previously been identified, which display similar genome organization and share relatively high sequence similarity at the DNA level to the B. cereus plasmid pBClin15 (Fornelos et al., 2011; Strömsten et al., 2003; Verheust et al., 2003 Verheust et al., , 2005 . Although it has never been shown that pBClin15 encodes a functional phage, it still exhibits properties of a prophage. Gene expression is induced by DNA-damaging antibiotics (Table 3) , high gene expression from pBClin15 apparently promotes cell lysis (Table 3 , Fig. 4 ) and the genes of pBClin15 appear to be under similar transcriptional regulation to the genes of prophage GIL01 (Fig. 5 ) (Fornelos et al., 2011) .
This paper demonstrates that quinolones and crystal violet induce pBClin15-dependent lysis of a subpopulation of B. cereus ATCC 14579 and aggregation of the remaining population. This is the first time to our knowledge that it has been shown that pBClin15 affects the physiology of B. cereus. Quinolones function by inhibiting DNA gyrase (topoisomerase II) and topoisomerase IV, preventing replication, transcription and growth (Drlica, 1999) . Quinolone-mediated inhibition of these type II topoisomerases results in the formation of cleaved complexes and eventually DNA fragmentation (Champoux, 2001; Drlica et al., 2008 Drlica et al., , 2009 ). The antimicrobial mechanism of crystal violet is less well understood and may affect more than one cellular function (Docampo & Moreno, 1990; Wakelin et al., 1981; Wolfe, 1977) .
Bacterial aggregation is characteristic for biofilm formation, which is regarded as a highly regulated developmental process in which bacteria undergo a transition from planktonic single cells to surface-attached communities (O'Toole et al., 2000) . This process is accompanied generally by a dramatic transcriptional downregulation of motility genes and upregulation of genes encoding adhesive surface structures. However, since the microarray analyses showed differential regulation of few (if any) genes expected to be involved in biofilm formation we hypothesize that the aggregative phenotype is not active biofilm formation with respect to a programmed bacterial survival strategy, but a serendipitous, passive process. However, biofilm formation is usually regulated by a complex network of transcriptional and post-transcriptional events. We can therefore not rule out that potential activation of biofilm formation may take place at a post-transcriptional level under the conditions tested. It is likely that the detected extracellular DNA (Fig.  4a) resulted from pBClin15-dependent lysis of a subpopulation of bacteria. In line with this, the transcriptional upregulation of pspA in the WT during norfloxacin stress (Table 2 ) suggested a disturbance in the membrane integrity. DNase treatment of the WT culture prevented aggregation, but not a decline in growth of the norfloxacin-stressed cells (Fig. 3) , and the extracellular DNA was accompanied by high levels of extracellular protein (Fig. 4b) . Although a subpopulation of the WT culture was clearly sensitive to the relevant concentrations of quinolones and crystal violet, the remaining population appears to benefit from the community-like lifestyle in the aggregates by displaying a significant increase in survival when challenged with norfloxacin stress. It has been shown that phenotypical divergence of cells in a clonal population of bacteria may arise due to stochastic processes. This bistability phenomenon has, for example, been observed in B. subtilis for relevant phenotypes such as sporulation, competence, motility and biofilm formation (Chai et al., 2008; Kearns et al., 2004; Lopez et al., 2009; Maamar & Dubnau, 2005; Veening et al., 2005) . In addition, it is believed that persister cells, a subpopulation of normally susceptible bacteria that are non-inherently more tolerant to stress, may arise due to random processes (Balaban et al., 2004; Lewis, 2007; Shah et al., 2006) . Persister cell formation has been described to occur in E. coli when challenged with the fluoroquinolone ciprofloxacin (Dörr et al., 2009), a process that was inducible and dependent on the SOS response. The SOS response is a DNA damage repair system that is induced as a result of stalled replication forks and hence characteristically activated during quinolone stress (Butala et al., 2009) . In addition to being a cellular DNA repair system, induction of the SOS response is a mechanism that commonly leads to phage activation. A relevant example is the DNA damageinduced, SOS-dependent activation of the B. thuringiensis prophage GIL01 (Fornelos et al., 2011; Verheust et al., 2003) . Considering this, the elongated cell morphology seen in the microscopy images (Fig. 2c, f) , a common phenotype of cells eliciting an SOS response (Diver, 1989; Love & Yasbin, 1984) , and the similarity of pBClin15 to tectiviruses correlate with a norfloxacin-induced, SOS-mediated increase in pBClin15 gene expression (Table 3) . However, since plaque formation or virions have never been reported for pBClin15, the gene expression may not lead to phage morphogenesis and release of functional virions. Based on our results we speculate that cell lysis is a direct result of the high expression of one or more of the pBClin15-encoded proteins, such as the peptidoglycan hydrolysases (ORF23 or 28) without the release of virions. However, it is possible that the type strain of B. cereus once contained functional genetic material encoding the receptor that made infection with a pBClin15-encoded phage possible, but for some reason does not express the receptor any more. In line with this hypothesis, it has been shown that PRD1, the type species of the family Tectiviridae, only infects Gram-negative bacteria harbouring plasmids of the P, N or W incompatibility groups that encode the receptor for PRD1 (Olsen et al., 1974) . Similarly, it was recently demonstrated that B. anthracis becomes immune against AP50 infection upon mutation of csaB, which results in a defective S-layer (Bishop-Lilly et al., 2012) . Interestingly, it has been shown that several members of the B. cereus group (including B. cereus ATCC 14579) are S-layer deficient (Kotiranta et al., 1998; Mignot et al., 2001) , which could explain the inability to reinfect the pBClin15-cured strain with filtered culture supernatants.
The pBClin15-dependent lysis and aggregation described in this paper were induced by compounds known to stimulate the SOS response. Since expression of I-SceI has been shown to induce the SOS response in E. coli as well as B. subtilis (Simmons et al., 2009 ) and I-SceI expression was the only step in the process of making markerless mutants that resulted in pBClin15 curing, there may be a correlation between the failure of pBClin15 propagation and interference with DNA integrity. It is possible that induction of the SOS response could lead to sporadic plasmid loss during construction of knockout mutants in the type strain of B.
cereus. As we demonstrate the existence of pBClin15-dependent phenotypes, it is recommended that the presence of pBClin15 should always be verified following genetic manipulation of B. cereus ATCC14579.
